Abstract: We report measurements and analyses of noise characteristics of very-high frequency (VHF) silicon nanowire (SiNW) nanoelectromechanical systems (NEMS). VHF SiNW resonators vibrating at 200MHz typically have displacement sensitivity of 5fm/Hz1/2 and force sensitivity of 50 250aN/Hz1/2 set by thermomechanical fluctuations. They have -lnm critical amplitude and intrinsic dynamic range of 90-110dB. Amplifier noise and resistor thermal noise dominate the resonance detection, resulting in compromised displacement noise floor (typically .30fm/Hz' 2), dynamic range (reduced to 70 90dB), and phase noise (>2030dB degradation). We develop SiNW-NEMS-based phase-locking techniques to investigate the phase noise and frequency stability performance. Frequency stability of 0.lppm and resonant mass sensitivity of 1 Ozg ( zg= 1 0-21g) have been achieved.
INTRODUCTION cr n
Silicon nanowires (SiNWs) made by bottom-up chemical synthesis are emerging as interesting > building blocks for novel nanoscale devices.
SiNW transistors for nanoelectronics [1] and SiNW sensors for biotechnology [2] have received 4 considerable attention. With Si being a classical MEMS material, SiNWs are expected to possess excellent mechanical properties for NEMS applications. However, progress has been hindered by the difficulty of making free-standing SiNWs, until the recent development of growth processes for suspended SiNW nanomechanical devices [3] . We have recently demonstrated VHF NEMS resonators based upon such SiNWs [4] and they have exhibited very attractive properties.
As VHF resonating NEMS offer immense potential for applications ranging from resonant sensing [5] to nanomechanical signal/information processing and communication [6] , assessing their noise performance is crucial. Here we present the first measurements and analyses of noise specifications of the VHF SiNW devices, and the frequency stability and phase noise performance at the system level.
VHF SiNW RESONATORS
Doubly-clamped SiNW resonators suspended in microtrenches, shown in Figure 1 (a), are prepared by employing a self-aligned epitaxial growth process as detailed in [3] . VHF resonators have been demonstrated using both metalized SiNWs better matched to 50Q (with -30nm/5nm Al/Ti metallization), and bare pristine SiNWs with 1100kQ resistances (doping dependent), as described in [4] . Here we highlight the robust VHF operations of SiNW resonators in both linear and nonlinear regimes, as shown in Figure 2 (a) with the measured response from a 188MHz metalized SiNW (SiNW-M188) and in Figure 2 (b) the data from an 80MHz pristine SiNW (SiNW-80). given by a-IdB (0.745acL2,2 3 p2EyQ using material and device parameters detailed in [4] . 
NOISE IN RESONANCE DETECTION
Essentially the transduction of a SiNW resonator is to electronically detect the displacement of the vibrating SiNW. For noise arising from various origins in the course of detection, we consider the intrinsic and extrinsic noise separately.
Thermomechanical motion of the device sets a fundamental limit for the intrinsic noise. The thermomechanical displacement power spectral density (per unit bandwidth) is given by Sx = 4kBTQo al (1) This corresponds to a force spectral density SF = 4kBTMetf0/IQ. (2) The displacement and force sensitivities of SiNW- (5) where f is the offset frequency, and Pc=Ec9o/Q, Ec MeffCoo ao . The best phase noise limit can be approached when the device is operating at max available rms displacement ao = 0.745ac/I2.
Consider the resistor Johnson noise and amplifier noise in detection, both surpass the device thermomechanical noise and thus elevate the actual phase noise. We analyze the equivalent circuit for SiNW resonators by employing the similar techniques for developing resonant circuit phase noise models in [7] . Assuming that the preamplifier is also Johnson noise limited, we estimate the phase noise can be approximated by Averaging Time -r(sec) As shown in Figure 6 , Allan deviation as low as 6x 10-8 is achieved with 4-1 Os averaging time for SiNW-M188. At rz1s averaging time, the rms instantaneous fractional frequency fluctuation is 0.147ppm. When the system is exploited for resonant mass sensing at Is averaging time, this frequency stability level, combined with the device's high mass responsivity [8] 9iS2.1Hz/zg, leads to a 13.3zg (lzg=10-21g) mass sensitivity. This excellent performance is comparable to that of the state-of-the-art top-down VHF NEMS resonators [5] . Frequency stability and sensitivity from other SiNWs are also listed in Table 1 
